Abstract. We describe a hybrid agent-based model and simulation of urban morphogenesis. It consists of a cellular automata grid coupled to a dynamic network topology. The inherently heterogeneous properties of urban structure and function are taken into account in the dynamics of the system. We propose various layout and performance measures to categorize and explore the generated configurations. An economic evaluation metric was also designed using the sensitivity of segregation models to spatial configuration. Our model is applied to a real-world case, offering a means to optimize the distribution of activities in a zoning context.
Introduction
Recent progress in many disciplines related to urban planning can be interpreted as the rise of a "new urban science" according to Batty [7] . From agent-based models in quantitative geography [17] , in particular the successful Simpop series by Pumain et al. [30] , to other approaches termed "complexity theories of cities" by Portugali [28] , involving physicists of information theory such as Haken [15] or architects of "space syntax theory" such as Hillier [18] , the field is very broad and diverse. Yet, all these works share the view that urban systems are quintessentially complex systems, i.e. large sets of elements interacting locally with one another and the environment, and collectively creating a emergent structure and behavior. Taking into account the intrinsic heterogeneity of geographical and urban systems, this view lends itself naturally to an agent-based modeling and simulation (ABMS) approach.
Among the most popular ABMS methods are cellular automata (CA), in which agents are cells that have fixed locations on a grid and evolve according to the state of their neighbors. CA models of urban planning, in particular the reproduction of existing urban forms and land-use patterns, have been widely studied, notably by White and Engelen [39] , then analyzed [5, 9] and synthesized [6] by Batty. A recent review by Iltanen [19] of CA in urban spatial modeling shows a great variety of possible system types and applications. They include, for example, "microeconomic" CA for the simulation of urban sprawl [11] , "linguistic" CA (including real-time rule update via feedback from the population) for the measure of sustainable development in a fast growing region of China [41] , and one-dimensional CA [26] showing discontinuities and strong path-dependence in settlement patterns.
In this context, we propose a hybrid model of urban growth that combines a CA approach with a graph topology containing long-range edges. It is inspired by Moreno et al.'s work [24, 25] , which integrates a network dynamics in a CA model of urban morphology. Its goal was to test the effects of physical proximity on urban development by introducing urban mobility in a network whose evolution was coupled with the evolution of urban shape. We generalize this type of model to take into account heterogeneous urban activities and the functional properties that they create in the urban environment. This idea was introduced by White [38] and explored by van Vliet et al. [36] but, to our knowledge, never considered from the perspective of physical accessibility and its impact on sprawl patterns.
The rest of the paper is organized as follows. The model and indicator functions used to quantify the generated patterns are explained in Section 2. Next, Section 3 presents the results of internal and external validations of the model by sensitivity analysis and reproduction of typical urban patterns. It is followed by an application to a concrete case, proposing a bi-objective optimization heuristic of functional configuration based on the relevant objective functions from the validation study. We end with a discussion and conclusion in Sections 4 and 5. 
Agents and rules
The world is represented by a square lattice (L i,j ) 1≤i,j≤N composed of cells that are empty or occupied (Fig. 1 ). This is denoted by a function δ(i, j, t) ∈ {0, 1}, where time t follows an iterative sequence t ∈ T = τ N = {0, τ, 2τ, ...} [14] with a regular time step τ . Another evolving structure is laid out on top of the lattice: a Euclidean network G(t) = (V (t), E(t)) whose vertices V are a finite subset of the world and edges E (its agents) represent roads. In the beginning, the lattice is empty: δ(i, j, 0) = 0, and the network is either initialized randomly (e.g. uniformly) or set to a user-specified configuration G(0) = (V 0 , E 0 ). In order to translate functional mechanisms into the growth of a city, we assume that the initial vertices include a subset formed by city centers, C 0 ⊂ V 0 , which have integer activities, denoted by a : C 0 → {1, . . . , a max }.
To characterize the urban structures emerging in this world, we define in general a set of k functions of the lattice, (d k (i, j, t)) 1≤k≤K , called explicative variables. These variables are here: d 1 , the density, i.e. the average δ around a cell (i, j) in a circular neighborhood of radius ρ; d 2 , the Euclidean distance of a cell to the nearest road; d 3 the network-distance of a cell to the nearest city center, i.e. the sum of d 2 and edge lengths; and d 4 , the accessibility of activities (or rather difficulty thereof), written
(1) where d 3 (i, j, t; a) is the network-distance of the cell to the nearest center with an activity a, and p 4 ≥ 1 (typically 3) defines a p-norm.
A set of weights (α k ) 1≤k≤K ∈ [0, 1] K is assigned to these variables to tune their respective influence on what we define as the net land value of a cell, as follows:
Houses are preferentially built where v is high, i.e. d k 's are low. Thus the evolution of the system proceeds in three phases at each time step: (a) all values v(i, j) are updated, (b) among the cells that have the best values, n new cells are randomly chosen and "built" (set to δ = 1); (c) for each built cell, if d 2 is greater than a threshold θ 2 (maximum isolation distance), then that cell is directly connected to the network by creating a new road branching out orthogonally from the nearest edge. Network initialization is random (see details in 3.1), and the selection of new cells is also random among identical values of v. A sensitivity analysis and model exploration is conducted in the next section to determine the relative effect of parameters with respect to these sources of randomness. In any case, growth is halted after a constant amount of time T , evaluated from experiments, so that the final structure is neither "unfinished" nor filling out the world (see 3.1). Fig. 2 displays the core ABMS flowchart with feedback interactions between agents.
Evaluation functions
Once a structure is generated, its properties need to be quantified so that it can be categorized or compared to other structures for optimization purposes. To this goal, we define various evaluation functions, both objective quantification measures and structural fitness values. The measures described in this section take into account all the explicative variables, whose distributions over the grid are emergent properties that cannot be known in advance and are therefore essential to monitor.
Morphology To assess the morphological structure of an urban configuration, we map it onto a 2D metric space A Hybrid Network/Grid Model of Urban Morphogenesis and Optimization defined by a pair of global indicators (D, I) called the integrated density and the Moran index (Fig. 4) . The density D ∈ [0, 1] is calculated by taking the p-norm (with exponent p D ≥ 1, typically 3) of the local densities d 1 :
Moran's I, an index of spatial autocorrelation, is widely used in quantitative geography [35, 20] to evaluate the "polycentric" character of a distribution of populated cells. It is defined by
where the lattice is partitioned into M × M square areas, at an intermediate scale between cell size and world size (1 M N ), d µν is the distance between the centroids of areas µ and ν, (P µ ) 1≤µ≤M 2 denotes the number of occupied cells in each area, and P is their global average. We can recognize in this formula the normalized ratio of a modified covariance (pairwise correlations divided by distances) and the variance of the distribution. Moran Network performance Due to the branching nature of the growth algorithm, the network of roads G cannot contain any other loops than the ones initially present in G 0 . Therefore, notions of "clustering coefficient" or "robustness" (with respect to node removal) are not relevant here. On the other hand, since G is intended to simulate a mobility network, we can evaluate its performance by defining a relative speed [4] S, representing the "detours" imposed by G with respect to direct, straight travels:
where p S ≥ 1 (also 3), and e 3 (i, j, t) is the direct Euclidean distance between cell (i, j) and the nearest city center over the network, i.e. the one that realizes the value of d 3 (i, j, t). Note that S ≥ 1 and is actually higher for more convoluted networks (thus it is a measure of "slowness", but we still employ "speed").
Functional accessibility
The global functional accessibility A to city centers is another p-norm (also 3), based on the relative local accessibility from each cell, which is d 4 over its maximum:
This normalization puts A in [0, 1] and allows comparing configurations of different sizes. Like S, "better" urban configurations are characterized by a lower A.
Economic performance It was shown by Banos [2] that the Schelling segregation model, a standard ABM of socio-economic dynamics [33] , was highly sensitive to the spatial structures in which it could be embedded, since segregation rules depended on proximity. This justifies the use of this model as an evaluation of economic performance of our urban configurations, measuring how much structure influences segregation. To this aim, we implemented a model of residential dynamics based on the work of Benenson et al. [10] . The output function is a segregation index H(t) calculated on the residential patterns that emerge inside a distribution of built patches. For urban structures produced in a practical case (Section 3.3), we obtained densities of mobile agents between 0.1 and 0.2. Following Gauvin et al. [13] , the phase diagram of the Schelling model indicates that in such a density range, tolerance thresholds of 0.4 to 0.8 lead to clustered frozen states, where the calculation of a spatial segregation index is indeed relevant. The detailed description of this economic model is out of the scope of this paper.
Results
Our hybrid network/grid model was implemented in NetLogo [40] . Plots and charts were created in R [32] from exported data. Processing of GIS Data (for vectorization by hand of simple raster data) was done in QGIS [31] . Exploration of the 4D space of explicative variables' weights α k was conducted inside the [0, 1] 4 hypercube with a linear increment of 0.2. This created 6 4 − 1 = 1295 points, from (0, 0, 0, 0) excluded to (1, 1, 1, 1) included, via (0.2, 0, 0, 0), etc. Unless otherwise noted, the output values of the evaluation functions were averaged over 5 simulations for each combination of the α k 's.
Generation of urban patterns:
external validation of the model creating isolated clusters and linking them until they percolated into one component. The initial grid was empty (δ = 0 everywhere). Simulations were cut off at 30 iterations (T = 30τ ), before the sprawl of urban settlements reached the square boundaries of the world and started "reverberating". Since this artifact occurred the fastest in a density-driven model, α k = (1, 0, 0, 0), we empirically assessed T in that case and applied it everywhere. Different parameter settings generated very diverse structures. In particular, we observed striking similarities between the patterns obtained for binary values of α k 's in some "corners" of the hypercube (one or two measures d k with weight 1, the others 0), and the fundamental urban configurations that Le Corbusier had identified in his 1945 analysis of human settlements [22] (Fig. 3) .
Classification of structures Using the pair of morphological indicators (D, I) defined above, and by varying the α k 's, we constructed a 2D map of the dynamical regimes of our system (Figs. [4] [5] , in which qualitatively different morphological "classes" could be distinguished. The projected locations of urban configurations in this plane allowed a better understanding and comparison of their features and growth process. Again, for certain corner parameter values (all of them 0 except one or two at 1), the results ended up in distinct locations on the map, which could be relatively well explained. Intermediate combinations of parameters, however, seemed to project the structures quite literally "all over the map", which might be interpreted as the emergence of chaos in the system.
Sensitivity analysis and parameter space exploration: internal validation
Sensitivity to initial conditions To ensure the validity of the results, we investigated the sensitivity of the model to the spatial conditions, the initial set of nodes C 0 , estimating in particular the number of repetitions necessary to obtain statistically meaningful values for the evaluation functions. If conclusions drawn from one case were highly susceptible to small changes in the initial layout, then the model would obviously have less significance than if there was some invariance with respect to abstract topological features (in particular the distribution of centers' activities). The optimization heuristics would have to be designed very differently in these two cases. Toward this assessment, we ran a large number of simulations under the same parameter values but starting from different initial C 0 configurations, and collected statistics on the output. For each of the 15 binary combinations of α k 's (excluding all zero), standard deviations were calculated over 500 runs. We obtained narrow peak distributions in most cases, with Gaussian widths typically at 10% of the mean function value (Fig. 6) . In order to ensure that these were the typical widths on all the parameter space and not only on extreme binary points, we also explored the grid {0; 0.5; 1} 4 with 100 runs per point, assessing in a more representative subspace the relative spread of distributions. This confirmed that the evaluation functions were significantly less sensitive to the exact spatial locations than the parameters and overall topology, and justified our use of a smaller number of trials in subsequent experiments. Typically, assuming a normal distribution of width σ = 0.1, we needed n = (2σ·1.96/0.05) 2 60 trials to reach a 95% confidence interval of length 0.05, and 5 trials for a length 0.17. For practical reasons of computing speed, we chose the latter.
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Sensitivity to update scheme On the other hand, the emergent urban patterns depended on the number n of cells filled at every iteration, before land values were recalculated at the next iteration, i.e. whether the update scheme was a sequential (n = 1) or parallel (n > 1). Building several houses "simultaneously" between two market reevaluations is consistent with the view that realworld functions have a response delay, here of the order of τ . There must be a limit, however, and an intermediate n must be found to obtain reasonable simulations.
To this aim, we explored the 4D parameter space of the α k 's as in Figs. 4-5 and ran one sequential update scheme and one parallel update scheme with n = 20 in each case. At the end of the simulation, t = T , the two corresponding output patterns δ seq and δ par were compared by calculating their symmetric difference, i.e. the subset of lattice cells that were built either in one or the other but not in both: ∆ = {(i, j); δ seq (i, j, T ) = δ par (i, j, T )}. Then, these difference patterns ∆ were projected on the same classification map (D, I) used previously (Fig. 7) . The results showed that for many combinations of parameters, the model's behavior could be noticeably influenced by the update scheme, as many difference patterns exhibited a nontrivial structure with high density or high Moran's index or both. On the other hand, it exhibited a stronger invariance for the corner quadruplets of α k 's: in these cases the ∆'s clustered near the origin and D = 0.5. Based on this study, we decided to adopt a parallel update scheme with n = 15 built cells per time step in the remainder of the experiments.
Exploration of parameter space The above two preliminary studies validated the robustness of the model with respect to the initialization and update scheme, and helped us choose a reasonable number of runs (about 5) for each parameter combination, and a adequate degree of parallelism in the simulations (n = 15). Next, we revisited the α k hypercube (same 1295 points in the partition of step 0.2), this time calculating the complete charts of all evaluation functions. Other parameters with a direct correspondence to the real-world, depending on the scale adopted, were set to fixed values. For example, the neighborhood radius ρ or the road-triggering distance θ 2 were both equal to 5 cells: this number could represent 50m, characteristic of a block at the scale of a district, or 500m for a district in a city, or 5km between cities in a region.
Examples of evaluation surfaces in 2D projection spaces are shown in Fig. 8. Each function, D, I , S, and A, was plotted against two parameters out of four, chosen for their higher "influence" (variations in amplitude) on the function. The economic index H was not calculated here (see 3.3) . This exhaustive exploration of parameter space was necessary to gain deeper insight into the behavior of the model. It also represents a crucial step toward making computational simulations more rigorous [3] .
Altogether, we observed that outputs varied for the most part smoothly, except Moran's index which ap- For each 4D field of evaluation values in the hypercube, we select two out of four parameters and display the 2D slice corresponding to the other two parameters set to (0, 0). Horizontal axes are reoriented in each case to minimize visual clutter. This exhaustive exploration has an intrinsic explanatory value (see text), and allows us to predict with some level of confidence how the model responds to certain input parameters.
peared more chaotic. Variations were greater in cases where one parameter was dominant. For example, the measures of density D, speed S and (global) accessibility A all exhibited a significant jump when including the effect of (local) accessibility d 4 in the simulations, i.e. when transitioning from α 4 = 0 to α 4 > 0. In particular, the more activities were influent, the denser the city became-a nonintuitive emergent effect, compared to top-down planning alternatives that would try to optimize accessibility while keeping density low. Speed, or rather "sluggishness", exploded when density was the only influence on urban sprawl: this confirmed that pure density-driven dynamics creates anarchic growth, without concern for network performance.
As for global accessibility, or rather the difficulty thereof, it was minimal for α 4 = 0 : an interesting paradoxical effect suggesting that when individual agents took into account local accessibility (α 4 > 0), a few of them might have occupied the "best spots" too quickly, significantly diminishing the others' prospects. Therefore, at the collective level, it would be better for everyone to ignore that dimension-an example where competition at the individual level does not produce the most efficient system for all. Finally, no meaningful conclusion could be formulated about the chaotic variations of Moran's index, except for its extreme sensitivity to spatial structure.
A Hybrid Network/Grid Model of Urban Morphogenesis and Optimization 
Practical example
In this section, we apply our model to the optimization of activities on top of a real-world urban structure obtained from a geographic file, as opposed to an randomly generated, artificial configuration. This type of scenario occurs in a planning problem where one must decide about the possible land use of predefined zones.
The practical example under study here concerns the planning of a new district. It is based on a realworld neighborhood, Massy Atlantis (Paris metropolitan area), built in 2012 (Fig. 9) . We would like to investigate whether a more efficient planning could have been achieved. The goal of this exercise is to find an optimal assignment of two types of activities, "residential" (apartments) or "tertiary" (offices), to the centers of 9 areas located on a map. The transportation infrastructure is already in place and the train station is also considered a center with a fixed, third type of activity. A network of avenues is laid out and passes through the 9 centers. The district is initially empty (unbuilt). The particular spatial configuration was automatically imported from a GIS shapefile, so the computation could be readily applied to other cases.
Parameters of the model were set as follows: high influence of activities, α 4 = 1, reflecting the fact that accessibility to home, workplace, and train station are of special importance to the agents of this district; medium influence of density, α 1 = 0.7, because, not far from Paris, housing must reasonably fill the available areas; no influence of road proximity, α 2 = 0, since the initial network is already built and the scale is relatively small; and no influence of network-distance, α 3 = 0, because centers in this problem are abstract entities representing areas.
For every possible distribution of binary activities over the 9 areas, excluding the two uniform cases (all residential or all tertiary), the model was simulated 5 times, producing a total of (2 9 − 2) × 5 = 2550 runs. The resulting configurations were examined here via a morphological projection in the (H, A) plane, instead of (D, I) used in the previous sections, as we judged it to be a more meaningful measure of fitness in this application. The calculation of the economic segregation index H involved a secondary agent-based simulation on top of the main urban development model (details not provided here).
Results are shown in Fig. 10 . We obtained a Pareto front of "optimal solutions" trying to minimize both H and A, while observing that the actual configuration is not far from being optimal itself, and appears to be a compromise between accessibility and economic performance. After closer examination of the Pareto front and its vicinity, we found that the distribution of activities was highly mixed in these points. More precisely, we defined a spatial heterogeneity index of center activities by where c = (i, j) and c = (i , j ) are two centers, d(c, c ) their Euclidean distance, and a(c), a(c ) their activities. Points in the scatterplot were colored according to their level of λ. Highly heterogeneous configurations appeared in regions of the plot distinct from homogeneous configurations, which were for the most part located in the central cluster. Optimal solutions and their neighbors all corresponded to high heterogeneity. This interesting result is a step toward evidence-based justification of mixed land use in planning-a principle often invoked by urbanists but never quantitatively demonstrated.
In conclusion, this case study is encouraging as it proposes a concrete methodology of optimal planning with respect to criteria that are relevant to a particular situation. It could be used by generically planners in similar situations, while remaining cautious on the conditions of its applicability. We discuss this point next.
Discussion
The reproduction of typical urban morphologies and the possible application to a real-world problem shown in the previous sections indicate that a model like ours can be useful for evidence-based decision-making in urban planning. Several questions remain open, however, and would need further investigation.
Scale of the model One ambiguity of the model is that it can be applied at different scales, therefore there is no unique correspondence between its agents and the real world. As the above results illustrate, the simulated urban configurations may represent a system of cities at the macroscopic scale, the neighborhoods of one city at the mesoscopic scale, or the buildings of one district at the microscopic scale. Without engaging in an ontological debate over levels of abstraction, this could still be pointed out as a potential issue.
We wish to argue, however, that the multiscale applicability of our model is legitimate as a great number of urban systems and associated dynamics have been shown to be "scale-free", in particular by Pumain [29] , and even to possess fractal properties, by Batty [8] . It means that scaling laws may also operate in our model, therefore qualitative results should remained unchanged while the quantitative evolution of variables and relations should only depend on the underlying power law's exponent.
Barthélemy [21] warns that most multi-agent urban models fail because they do not focus on the "dominating" physical process but, instead, integrate too many aspects that bear no relevance to the emergent properties of the system. Following up on this advice, we believe that we have successfully identified "good" proxies for the dominating processes of urban morphogenesis, namely: urban density, accessibility to road network, and accessibility to main functionalities.
Local scope When the model is considered at a mesoscopic or microscopic scale, another objection could be that it seems to limit itself to an artificially "closed" urban system, neglecting important contextual phenomena such as economic exchanges. Yet, although input and output flows are greatly simplified here, they are still present in implicit form. Our simulated world is not truly closed, since newly built houses are associated with a net influx of resources. Moreover, despite the absence of a direct economic force in the growth dynamics (the H index is only a post-hoc metric), the attractivity of centers constitutes a proxy for underlying activity, and a form of interdependence among urban processes. Finally, other models that have taken into account the global complex network of cities [1] have reproduced well-known patterns of urban systems much like ours.
Therefore, here too, local or global approaches appear to be equivalent and the modeling decisions and compromises made in each case must be compared. This ques-A Hybrid Network/Grid Model of Urban Morphogenesis and Optimization tion also ties in with the fundamental issue, contained in the previous point, of the existence of a "minimal dimension" for a generalized representation of urban systems. The challenge is to understand how universal the dependence between a system and its dimension may be, and if a generalized minimalist formulation can be constructed. Speculations toward that ambitious goal have been formulated by Haken [15] through a notion of "semantic information" linked to properties of attractors in dynamical systems. This theory, however, has not been quantified, i.e. neither confirmed nor falsified.
Quantitative calibration The question of the validity of the model is also linked to the need for a finer quantitative calibration based on real patterns, which creates a dilemma: on the one hand, calibration on the errors of output function proxies does not influence the formation of spatial patterns; on the other hand, calibration on the spatial patterns themselves is too constraining and may preclude the emergence of other, similar patterns. Previous works addressing the issue of calibration [23] have not been conclusive so far.
To revisit this question, we would need to apply our model at a finer grain of spatial resolution, i.e. a very large world in terms of data size. In this scenario, it would be particularly important to keep processing time under control by reducing computational complexity, for example through a cache of the network's shortest paths. The potential increase in size can also create methodological hurdles, not just computational, as a huge amount of details in the resulting patterns might contribute to more noise than signal and significantly bias the indicators. One solution would be to create a new operator extracting the morphological envelope of the generated pattern, along the lines of an original method proposed by Frankhauser et al. [12, 34] . Other ways to deal with noise may involve Gaussian smoothing.
Complex coupling with economic model Our method of economic evaluation consists of "simple coupling", i.e. running a secondary agent-based model (the basis of H's calculation, not described here) after the primary urban growth simulation has finished. Another important direction of research would implement a "complex coupling" between the two models in the sense proposed by Varenne [37] : the study of urban sprawl on other time scales would require the simultaneous and mutually interacting evolutions of the population, the building rents, and the terrain values. Obviously, this would lead to a more sophisticated model oriented toward a whole new set questions, such as the evaluation of long-term rent policies to foster social diversity.
Conclusion
We have proposed a hybrid network/grid model of urban growth structures, and studied their morphological and functional properties by simulation. Results showed that it could reproduce the characteristic urban facts of a classical typology of "human settlements", and was also applicable to a concrete scenario by calculating "optimal" solutions (in the Pareto sense) to a planning challenge in an existing zoning context. Our work provide evidence in favor of the "mixed-use city", a topic on which literature is still scarce and future work is needed. This paradigm is now commonly advocated by urbanists, such as Mangin [22] through his concept of "ville passante" (a pun on "evolving/flowing/pedestrian city"), and would require more validation through quantitative results.
Finally, beyond its technical achievements and potential usefulness as a decision-making tool, our work also fuels a contemporary debate on the state-of-the-art in "quantitative urbanism". Siding with Portugali [27] , we certainly agree that the conception and application of computational models is a delicate matter, which can lead to more confusion than explanation if not properly handled and validated. Depending on the scale, a careless choice of parameter values can produce dubious results. Yet, we support the idea that quantitative insights are paramount for a better understanding of urban and social systems. With the recent explosion in data size and computing power, evidence-based analysis and solutions are becoming a real alternative to older attitudes, such as Lefebvre's [16] , which doubted that scientific approaches could ever translate or predict the mechanisms of a city.
